Abstract. We present the first Doppler image of a solar-type G dwarf in the Pleiades open cluster. As such, the star represents the Sun at an age of approximately 100 Myr and could be an important target for further progress in magnetic-braking and angular-momentum-transport theories. Our image reconstructions were done from a full spectrum inversion with a total of 38 spectral lines but we also present single-line inversions using the prominent Li i 6707-Å line and the nearby Ca i 6717-Å line. The maps reveal cool spots at or near the pole and within the equatorial regions, in contradiction to our predictions from flux-tube modelling that only medium-latitude spots should be seen. The maps also show several warm spots near the equatorial regions but their reality needs to be confirmed. A polar spot is recovered but likely consists of several smaller spots at very high latitudes touching the visible pole instead of a big cap-like spot as seen on some RS CVn binaries.
Surface imaging of solar-type stars in open clusters
Magnetic braking of stellar rotation due to a stellar wind along predominantly equatorial magnetic field lines, as worked for our Sun, seems unable in every case to be effective in slowing down stars from their initial angular momentum gained during the contraction of the prestellar cloud. The ultra-fast rotators (UFRs) in the young open clusters α Per (age ≈50 Myr) and Pleiades (age ≈100 Myr) as well as the young field stars AB Dor, LQ Hya, EK Dra are the most cited examples. Their simple existence is something of a problem since magnetic braking of a solar-mass star should have had, by the age of these stars, enough time during pre-main-sequence evolution to halt the rapid rotation. Accretion disks in the early pre-main sequence stages certainly play an important and maybe dominant role in explaining the angular momentum loss of very young objects but cannot easily be incorporated into an explanation of the existence of several hundreds of cluster-ZAMS stars that are not in a
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close binary but still rapidly rotating (Stauffer et al. 1984; Soderblom et al. 1993b; O'Dell et al. 1995; Barnes & Sofia 1996; and others) .
What process then might allow these stars to maintain their angular momentum? The currently favored hypothesis is the onset of a dynamo saturation, i.e. a saturation of the atmospheric (coronal) volume with magnetic fields (Vilhu 1984; Keppens et al. 1995) so that there is no torque arm for magnetic braking via a stellar wind. For further reading we refer to Mestel (1999) . Solanki et al. (1997) and Buzasi (1997) -and later Strassmeier et al. (1998) for post-main-sequence evolution -have suggested an alternative explanation to dynamo saturation in that magnetic fields concentrated in polar starspots could be the reason for the lack of angular momentum loss. Solanki et al. (1997) presented numerical simulations that show that the effect of polar magnetic fields in the evolution of stellar rotation would be quantitatively the same as with a dynamo saturation process. The only way to find conclusive observational evidence for or against the polar field hypothesis is to Doppler image rapidly-rotating cluster stars and search for polar starspots. Cluster stars are especially important because, when intercompared in a narrow mass range, they should have had an identical history. Nevertheless, Pleiades UFRs of a single mass can show a range in surface rotation of a factor of 20 or more (Soderblom et al. 1993b ). Recent correlative analysis suggests a rotation-induced lithium depletion for the Pleiades stars but not for younger clusters like α Per (Tschäpe & Rüdiger 2001) , which is another intriguing question awaiting answer.
The primary aim of this paper is to search for a polar spot on one of the brightest, solar-type, rapid rotators in the Pleiades cluster and to relate the Doppler image to current flux-tube models.
Observations
High-resolution spectroscopic observations were obtained with the Gecko Coudé spectrograph at the 3.6-m CanadaFrance-Hawaii telescope (CFHT) in November 22-26, 1998. The 2048 2 Loral-5 CCD with 15 µm pixels and the dispersion of 1.6Å/mm −1 provided a useful wavelength range of around 50Å centered at 6713Å. The spectrograph resolution was ≈120 000 but rebinning in the dispersion direction resulted in an effective resolution of 65 000 (4.6 km s −1 ). Seeing was always between 0.6-1.2 and all integrations were set at an exposure time of 3 × 17 min and have typical signal-to-noise ratios of 100-120:1. This sequence allowed for a total of 31 spectra well distributed over all rotational phases. Ultimately four of these spectra were eliminated from the analysis because they suffered from excessively low S/N . Figure 1 displays a typical spectrum. No water-vapor lines above the nominal noise level are obvious in these spectra and no attempts were made to correct for it. The reduction procedure was identical to that in our paper on LQ Hydrae ) obtained with the same telescope and instrumental set up and we refer the reader to that paper.
The high spectroscopic resolving power results in 30 resolution elements across the full width of a photospheric absorption line which translates into a spatial resolution at the stellar meridian along the equator of approximately 2
• . However, the exposure time of 51 min will cause phase smearing of up to a maximum of 0.
p 023 or 8
• along the stellar equator and in the direction of the rotational motion.
Astrophysical data for HII 314
The photometric variability of HII 314 was discovered by Panov & Geyer (1991) (Prosser et al. 1995) . We use this period and an arbitrary zeropoint to phase our spectra
If the photometric period is interpreted as the stellar rotation period it yields -together with an independently measured v sin i = 41.9±1.6 km s −1 from Queloz et al. (1998) -a value for the minimum radius of R sin i = 1.22±0.05 R that seems to be inconsistent with the G1V classification and rather suggests a F7 spectral type. Even a value of 38 km s −1 (Soderblom et al. 1993b) does not solve the inconsistency and gives R sin i = 1.10 R . As noted by Ayres (1999) m 13). The absolute magnitude would be +5. m 0 (from V = 10. m 56) which suggests a G4-5 star with a radius of 0.965 R instead of a G1-2 classification. However, the dereddened color of (B−V ) 0 = 0. m 613 (Soderblom et al. 1993a ) strongly suggests a G1-2V classification. According to the colortemperature calibration of Flower (1996) , a B−V of 0.
m 613 corresponds to an effective temperature of 5845 K. Even if we adopt the "main-sequence-fitting" (MSF) distance of 132 pc (Pinsonneault et al. 1998; Terndrup et al. 2000) the luminosity is 0.895 L , according to a G3 dwarf, but its radius of 0.99 R is still in disagreement with R sin i = 1.10 R . The latter may not be a too strong an inconsistency because the definition of radii of rapidlyrotating pre-main-sequence stars with left-over disc material could be different than for normal main-sequence stars.
Note that the star is not a binary even though Soderblom et al. (1993b) presented two radial-velocity measurements that differed by 3.5 km s −1 with respect to each other and therefore listed HII 314 as a possible singlelined spectroscopic binary. Table 1 lists our new CFHT radial velocities and we find the star to be constant in radial velocity, and thus most likely single. The new average velocity of +4.4 ± 0.6 (rms) km s −1 is within the range of the two velocities from Soderblom et al. (1993b) . It confirms cluster membership of HII 314 despite the offset of −1.6 km s −1 from the mean cluster velocity of +6.0 km s −1 (Narayanan & Gould 1999; Terndrup et al. 2000) . The average equivalent width of the lithium line at 6708Å is 173 ± 8 (rms) mÅ and that of the Ca i 6717-Å line is 163 ±12 mÅ. The latter is more difficult to measure because of the larger number of blends (see Fig. 1 ). For the lithium line, the critical blend at 6707.441Å is -we believe -synthesized properly and is made up of mostly a V i and a Fe i contribution. Soderblom et al. (1993a) measured an equivalent width for the lithium line of 167 ± 18 mÅ (and obtained log n(Li) = 3.15) and for the calcium line of 157 ± 18 mÅ, in good agreement with our measures. The value of 173 ± 8 mÅ converts with the non-LTE tables of Pavlenko & Magazzù (1996) into a logarithmic abundance of 3.13 ± 0.09.
The Hα profile of HII 314 appears as a weak and asymmetric absorption profile with a total equivalent width of ≈1.1Å. The two spectra obtained by Soderblom et al. (1993a) showed significant line-core variations which indicate that the star has an active chromosphere with plages and flares. A remarkable flare was detected in the C iv line with HST (Ayres et al. 1994 ) and its coronal X-ray emission is known since Einstein (Micela et al. 1990 ) and the ROSAT all-sky survey (Hünsch et al. 1999) giving log L X = 30.3 erg s −1 . Preibisch (1997) obtained a coronal temperature of log T = 7.8 K which is 25 times higher than the "typical" solar value. The star is also a radio continuum emission source and appears in the catalog of Wendker (1995) .
A Doppler image for November 1998

The TempMap code
Our Doppler imaging program (TempMap) is based on the code by Rice et al. (1989) (also described in Piskunov & Rice 1993) . Extensive numerical tests and an update of the program's primary capabilities were recently presented by . For details, we refer the reader to this and previous papers in this series.
For the present paper, TempMap was extended to work in a larger wavelength range than the previous applications with mostly a single main spectral line of roughly ±1Å per inversion. A total of up to 24Å of spectrum with some forty lines including the Li i 6707 and Ca i 6717 lines were used in the input. The inclusion of large portions of continuum with basically no stellar surface information requires the additional input of a weight for each of the 701 pixels in the spectrum. We averaged flux over 15 pixels around each single pixel and if the average of the normalized residual intensity, I average , was less than 0.01 the weight was 0.1, if between 0.01-0.05 the weight was based on the formula (I average − 0.01) * 22.5 + 0.1, and if over 0.05 the weight was 1.0. This ensures that the continuum regions receive less weight and the spectral lines comparably higher weight the closer a pixel appears to the line core. Note that we did not apply this weighting scheme for the single-line inversions because, firstly, it is intended to save CPU time by excluding large portions of continuum which does not apply to the single-line inversions and, secondly, we wanted to compare the large-wavelength inversion with our previously published single-line images that did not include a weighting scheme. We had run a few test inversions with and without weighting and found no systematic differences.
Input parameters
The radiative transfer in our program is based on ten model atmospheres with temperatures from 3500 K to 6500 K taken from the ATLAS-9 grid (Kurucz 1993) . A gravity of log g = 4.5 and a microturbulence of 2.25 km s −1 were adopted based on the G2V spectral classification of HII 314 and its young age. Further stellar parameters are listed in Table 2 .
The final solution considers a total of 38 lines in the inversion simultaneously. The atomic data for these lines were taken from VALD (Vienna Atomic Line Database; Kupka et al. 1999) . Abundances for the many chemical elements within the useable spectral range were kept at the solar value by default but the Ca and Li abundance were adjusted during the imaging. The values used in the final inversion are 3.0 for lithium and 6.32 for calcium (on the regular log n(H) = 12.00 scale). The latter is identical to the solar value within the estimated uncertainty of ≈0.07 dex. The inclination of the rotational axis was estimated by running a series of inversions each optimized for a particular choice of inclination and then identifying the minimum in χ 2 (as was done in most previous papers in this series). For HII 314, the Ca line line produced a much broader χ 2 minimum than the Li line and we chose the final value (50
• , Table 2 ) on the basis of best mutual agreement.
Results
Figure 2 shows our final map for HII 314 in a spherical projection style at eight equidistant phases. It includes the spectral information from both main mapping lines plus a total of 36 weaker lines (partially blended as shown in Fig. 1 ). No photometry was available for the inversion but a total of 27 spectra with S/N above 100:1 well distributed over all rotational phases within two consecutive stellar rotations (no phase gap is larger than 0. p 1) are a tight constraint for the profile inversion. The fit to the data is shown in Fig. 3 for a 20-Å piece of spectrum. Its combined sum of the squared residuals was 1.93 for the final solution from 701 spectral data points. For comparison, Fig. 4 shows the single-line images from lithium and calcium. Its residuals were 0.202 from 81 spectral data points for Ca i 6717Å and 0.184 for Li i 6707Å, also for 81 spectral data points (the definition of TempMap's residuals is the same as in Kövari et al. 2001 ). The residuals normalized by the total number of spectral data points is thus comparable for the three maps.
Finding a satisfactory solution from each of the two main lines, that also compare well with that from the full spectrum, turned out to be a real challenge. The cause is not so much the inversion code (itself) and its free parameters, but rather the joint effects of a low S/N ratio and unknown and uncorrectable external uncertainties in the data (see . We thus consider our final map of HII 314 more uncertain than previous maps in this series but still emphasize that this is the best that the data would allow. Further progress could be made with the least-squares deconvolution process put forward by Donati et al. (1997) but at the costs of losing the temperature information.
The map in Fig. 2 shows individual features mostly at high and low latitudes, including an elongated polar finger crossing from one side of the pole to the other near a longitude of ≈ 315
• . The average spot temperature appears to be near 4700 K, with a few areas as cool as 4400 K and some with upper limits of approximately 5400 K. Several warm/bright regions seem to be present but are suspicious due to the relatively low S/N ratio of our spectra. Also, these features mostly appear as counterparts to cool spots along meridional circles. This is typical behavior for a maximum-entropy regularized solution, which requires that the total image entropy is maximized while the residuals between fit and data are minimized. This is most easily done by the code by putting hot spots adjacent to dominant cool spots. Despite this, we tried various input parameter combinations to fully remove or enhance such features without significantly deteriorating the quality of the fit at the same time (these were mostly variations in elemental abundance, v sin i, and blend characteristics like transition probabilities). Their surface location, however, varied significantly from one reconstruction to another and we are not confident of their reality even though the singleline inversions also recover them but with differing contrast. Also, there is a good possibility that these features are, at least partly, due to the well-known north-south mirroring effect in Doppler imaging (see, e.g., Vogt et al. 1987) . In the end, we conclude that these bright features are artifacts due to the low S/N of our spectra. A comparison of our two single-line images is made in Fig. 4 . The fits are shown in Fig. 5 to allow for a phaseto-phase comparison with the full-spectrum fit. This helps the reader to judge the significance of the maps. However, we emphasize that the Li i-6707 line is special, firstly because of its zero lower excitation potential and secondly, it consists of a close doublet of two isotopes not resolved at the large rotational broadening of HII 314.
Figures 6 and 7 represent a consistency check for the two single-line maps. This check is made by inverting even numbered profiles and odd numbered profiles separately and then comparing the respective output maps. While the Ca i-6717 line produces consistent "even" and "odd" maps, the Li i-6707 line did not. The reason is an accidental untimely alignment of several noise spikes and any residual effects of removed cosmic-ray hits in the evennumbered Li profiles that are interpreted by the code as real surface features corotating with the star (mostly around phases of ≈270
• ). This can only happen if the S/N ratio is low, otherwise the code realizes the inconsistency during the fitting of adjacent, nonaffected, phases. Even though the solution from the full number of profiles weakens these artifacts, the full-spectrum map in Fig. 2 still shows two spots where the Ca maps and the oddnumbered Li map shows none. At this point, we decided to show the result as is (without trying to fiddle around with cleaned data etc.) but caution the reader that the two spots at around a longitude of ≈ 270
• are artifacts from the even-numbered Li profiles.
Finally, we compared the average of the two singleline maps with the full-spectrum image. It shows that the standard-deviation for each surface grid element is always below 100 K. This value would be the external uncertainty expected for inversions with spectra of the order of S/N ≈ 100:1, as demonstrated in the forward and inverse simulations by . We are thus confident not to have overregularized the final map. Both standard-deviation maps appear with the largest inconsistencies at or near the pole and at ≈ 270
• where the even-numbered Li profiles recover two equatorial features, as discussed above. Although these sigma maps are by no means formal "error maps", they still allow an estimate of the external errors per surface resolution element and are a useful tool to judge the reliability of particular surface features. shows the spot probability as a function of latitude (a larger width means a higher surfacing probability).
Discussion
Solar-type open-cluster stars are typically as faint as V = 13 mag and even fainter, and present an observational challenge for high-resolution high-S/N spectroscopy because successful Doppler imaging requires relatively short observational integration times in order to minimize phase smearing during the exposure. Consequently, only a few attempts have been made to map such stars despite the importance they have because of their wellestablished stellar age. Stout-Batalha & Vogt (1999) presented Doppler images of the low-mass Pleiads HII 686 (K6V) and HII 3163 (K0V) from 10-m Keck data while Barnes et al. (1998) mapped the two G-type α-Per stars He699 and He520 with the help of their least-squares deconvolution technique. Large polar spots were found on all four of these stars. A multi-line analysis of the less rapidly rotating G1.5V field star EK Dra ) also yielded a polar spot, although weaker and in addition to very high-latitude spot features. Unfortunately, we can still not compare all these images quantitatively because: 1) There is a large range of rotation periods covered (from 0.397 days for HII 686 to 2.6 days for EK Dra). 2) Their effective temperatures and masses differ by a factor of two (one solar mass for the early G stars down to ≈0.6 solar masses for HII 686). 3) There is a significant age difference between the 100-120 Myr of the Pleiades cluster, the 50-70 Myr of the α Per cluster, and the basically unknown but likely greater age of a field-G star of similar mass. Despite these astrophysical diversities, are there any observational similarities of the surface spot distributions?
It appears not! Our new image of a moderately rapidlyrotating and, for this group, intermediate-age G star at least allows a direct comparison with our previous image of EK Dra and the α-Per G stars in Barnes et al. (1998) . One feature that is common to all these stars is their polar spot or, if one wishes, their very high latitude spot appearance. Not surprisingly due to the large stellar diversity, neither of the spot distributions on these stars are in full agreement with the flux-tube models put forward by Schüssler et al. (1996) for main-sequence (MS) stars, and later by Granzer et al. (2000) for pre-mainsequence stars. The discrepancy observed is mostly due to the coexistence of equatorial spots and polar spots at the same time, while the MS and ZAMS models with Ω >> Ω Sun usually predict spots at intermediate and moderately high latitudes but none on the equator or at the poles. Of course, the models are still based on the assumption that all flux tubes start in an overshoot layer at latitudes below 60
• because only then does the model reproduce the solar spot distribution. In this framework, truly polar spots can only appear in very cool and rapidlyrotating pre-main-sequence stars with ultra-deep convection zones (down to 0.1 of the stellar radius; Granzer et al. 2000) . However, Belvedere et al. (1998) had suggested that, if the overshoot layer is sufficiently thick, a boundary-layer dynamo would be located at all latitudes, i.e. also above 60
• , and thus magnetic flux would be likely to surface directly at the poles as well. Recent helioseismic studies of the solar tachocline suggest temporal and latitudinal variations of its width in the sense that it is located deeper at the equator than at the poles (e.g. Corbard 2001), thus lending some support to the 60
• assumption, at least for the Sun. Figure 8 is an attempt to compare the observed Doppler image of HII 314 with a flux-tube simulation for the specific stellar parameters and rotational velocity of HII 314. Because of the still remaining inconsistency between the luminosity from the Hipparcos parallax and that from ground-based spectroscopic data, we adopt the model of a one solar-mass star and emphasize that a range of ±0.2 M does not significantly affect the flux-tube paths (see Granzer et al. 2000) . Thus, the only difference to the solar case is the 18-times higher angular velocity of HII 314. The convection zone is assumed to behave as a rigid rotator and the initial field strength at the bottom of the convection zone is chosen so that the magnetic flux reaches values typical for large solar active regions (10 14 Wb). As one can see from Fig. 8 , the model does not predict magnetic surface flux above a latitude of 60
• -65
• , in obvious disagreement with the observation, and also does not predict flux below a latitude of ≈25
• , also in disagreement with our observations. The question whether the "warm" equatorial features in our image are real -warm with respect to the effective temperature as discussed in Sect. 4.3 -or are just spotless i.e. magneticfield free regions still remains to be determined. At the moment, we conclude that these features are artifacts due to the comparably low S/N of our spectra.
It is the stellar equator and the polar regions that are also the most uncertain regions in our Doppler images showing rms deviations of up to 100 K as compared to below 40 K on average for the other regions. Also, the current flux-tube models terminate ≈2% of the stellar radius below the observable surface because the thin flux-tube approximation breaks down and thus a direct comparison with surface observations always remains incomplete. Furthermore, no information of field geometry -radial versus azimuthal -enters into the comparison with our Doppler image. It is thus not surprising that we do not find perfect agreement between theory and observation but emphasize that further progress could not only come from better observational data but also from the inclusion of the surface-field geometry in flux-tube emergence models. The latter being linked to the implementation of a thick flux-tube replacement for the flux transportation in the outermost layers and with the existence and treatment of global shear flows like meridional circulation at or near the stellar surface (see e.g. Miesch et al. 2000; Küker et al. 2001) . The location of the stellar dynamo itself is yet another uncertainty.
